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ABSTRACT

Residential two-stage gas furnaces account for almost a quarter of the total number of
models listed in the March 2005 GAMA directory of equipment certified for sale in the United
States. Two-stage furnaces are expanding their presence in the market mostly because they meet
consumer expectations for improved comfort.

Currently, the U.S. Department of Energy (DOE) test procedure serves as the method for
reporting furnace total fuel and electricity consumption under laboratory conditions. In 2006,
American Society of Heating Refrigeration and Air-conditioning Engineers (ASHRAE)
proposed an update to its test procedure which corrects some of the discrepancies found in the
DOE test procedure and provides an improved methodology for calculating the energy
consumption of two-stage furnaces.

The objectives of this paper are to explore the differences in the methods for calculating
two-stage residential gas furnace energy consumption in the DOE test procedure and in the 2006
ASHRAE test procedure and to compare test results to research results from field tests. Overall,
the DOE test procedure shows a reduction in the total site energy consumption of about 3% for
two-stage compared to single-stage furnaces at the same efficiency level. In contrast, the 2006
ASHRAE test procedure shows almost no difference in the total site energy consumption. The
2006 ASHRAE test procedure appears to provide a better methodology for calculating the
energy consumption of two-stage furnaces. The results indicate that, although two-stage
technology by itself does not save site energy, the combination of two-stage furnaces with BPM
motors provides electricity savings, which are confirmed by field studies.

Introduction

A residential gas furnace can be designed with single-stage controls or modulating
controls. There are two different types of modulating controls which can be applied to furnaces,
two-stage or step-modulation controls. In this paper, we examine only modulation with two-stage
controls, which accounts for the large majority of the modulating furnaces. A two-stage furnace
requires all or some of the following components: a two-stage gas valve, two-stage controls, a
multiple speed blower motor, and two-speed inducer motor. A two-stage control is any control
that uses a two-stage adjustment of the furnace input rate in response to changes in the heating
load. Based on thermostat demand, the two-stage control cycles the burners between a reduced
heat input rate and off or between the maximum heat input rate and off.

Two-stage furnaces use two types of blower motor designs: permanent split capacitor
(PSC) and brushless permanent magnet (BPM):. PSC motors are reasonably efficient when
operating at high speed, however, when these motors are operated at low speed, their efficiencies
drop significantly. Overall, BPM motors are more suitable in two-stage designs because they

1 BPM motors are also known as Electronically Commutated Motors (ECM) which is registered trademark
of General Electric.



offer much higher efficiencies at lower speeds than PSC motors. Almost all BPM motors are
used in two-stage furnaces (DOE 2004; Habart 2005; Kendall 2004).

Two-stage gas furnaces account for almost a quarter of the total number of models in the
March 2005 GAMA directory of certified equipment for sale in the United States (GAMA 2005).
Although an exact estimate of the market share of two-stage furnace is not known, they are
expanding their presence in the market place mostly because they meet consumer expectations
for improved comfort (Carrier 2004; Lennox 2005). Furnaces that operate at substantially
reduced output over longer periods of time can provide more uniform space temperatures, quieter
operation, greater efficiency, and reduced emissions. In addition, financial incentives introduced
to decrease the electricity consumption of furnaces, mainly by providing incentives for the use of
BPM motors, have been shown to increase the market share of two-stage furnaces with BPM
motors in Oregon, Wisconsin, and British Colombia (Habart 2005). The gas furnace tax
incentives in Energy Policy Act of 2005 (EPAct 2005)2 should have a similar effect.

Due to the increasing interest in two-stage furnaces, it becomes important to more
accurately calculate the energy consumption in order to assess the potential energy savings of
these furnaces compared to other furnace design options.

The current U.S. Department of Energy (DOE) test procedure (DOE 2006), which is
based on American Society of Heating Refrigeration and Air-conditioning Engineers (ASHRAE)
Standard 103-93 (ASHRAE 1993), has served as the method for reporting furnace total fuel and
electricity consumption under laboratory conditions as well as Annual Fuel Utilization
Efficiency (AFUE). The test results are then reported in a GAMA directory and are frequently
used as a basis for comparing energy consumption between furnace models, calculating potential
energy savings, and determining which furnace models should receive incentives.

In 2006, American Society of Heating Refrigeration and Air-conditioning Engineers
(ASHRAE) proposed an update of its test procedure (ASHRAE 2006) to include modifications
based on research conducted during the last several years (Stanley 2002). This new test
procedure corrects some of the discrepancies found in the DOE test procedure and also provides
a more accurate basis for the estimation of the energy consumption of two-stage furnaces.

This paper explores the differences in the methods for calculating two-stage residential
gas furnace energy consumption in the DOE test procedure and in the 2006 ASHRAE test
procedures and compares it to research results from field studies. The results from comparing the
test procedures are significantly different and this paper attempts to summarize these results and
point to the reasons for the differences.

Methodology for Determining Two-stage Furnace Energy Consumption

Figure 1 illustrates the basic parameters and methodology used in the DOE and 2006
ASHRAE test procedure to calculate fuel and electricity consumption of gas furnaces. The
average annual fuel consumption of furnaces (Ef) and the annual auxiliary electrical energy
(Eak) are frequently used as furnace performance metrics.

2 Most furnace models that meet current requirements for tax credits under EPAct 2005 are two-stage furnaces. EPAct
2005 provides tax incentives for consumers that either purchase furnace having an AFUE of 95% or greater or a furnace with an
efficient blower motor that consumes less than or equal to 2% of the total site energy consumption of the furnace.



Figure 1: Fuel Consumption Calculation for Gas Furnaces in the
DOE and 2006 ASHRAE Test Procedures
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To satisfy the households heating requirements, the furnace operates at only the
maximum operating mode if it has single-stage controls or a combination of the maximum and
reduced operating mode if it has two-stage controls. The test procedures determine the ratio of
time the furnace is operating at the reduced or maximum operating mode in two-stage furnaces
by calculating an operating mode factor that uses the average outdoor temperature at which the
furnace starts operating (65° F), the typical outdoor design temperature (5° F), and is a function
of the oversize factor and the ratio of the reduced input rate to the maximum input rate.

The furnace fuel consumption is a function of the burner operating hours and the fuel
input rate. The burner operating hours are determined by calculating the household heating
requirements and the heat provided by the furnace fuel and the furnace electrical components.

The household hearting requirements are a function of an oversize factor and the furnace
output capacity and use the national average heating load hours corrected for the operating
conditions. The household heating requirements are satisfied by the furnace fuel and by heat
generated by some of the furnace electrical components. Furthermore, the operating length of
electrical components can differ from the operating length of the burner. For example, the
furnace blower usually operates 10-30% longer than the burner to scavenge residual heat from
the heat exchanger. This difference is calculated using on-time ratios for the individual electrical
components.

Similarly, electricity consumption is a function of the burner operating hours adjusted by
on-time ratios and the electricity use of the furnace electrical components. The burner operating



hours are adjusted by on-time ratios to account for the differences in the operating length
between the electrical components and the burner.

Neither test procedure accounts for standby power, which may amount to about 10% of
the electricity used by furnaces (Pigg 2003). Furthermore, neither test procedure accounts for the
electricity consumption by the blower for its air-conditioning operation during the cooling
season. In fact, the furnace blower serves also as an air handler for the air conditioner and any
efficiency improvement affecting the blower will also provide electricity savings during the
cooling season.

Using the calculation methods described in these two test procedures, this paper
calculates the fuel and electricity consumption for 12 design configurations that are divided into
four efficiency levels and both single stage and two-stage control strategies. Furnaces with two-
stage controls were evaluated with both PSC and BPM motors. The 80% and 81% AFUE
efficiency levels represent non-condensing furnaces. The 90% and 95% AFUE efficiency level
represent condensing furnaces.

The assumptions used in this paper to compare the test procedures are listed in Table 2.

Table 2: Assumptions Used to Compare the Energy Consumption Methods between the
Two Test Procedures

Parameters Assumptions
Maximum fuel input rate | 75 kBtu/hr
Reduced fuel input rate 68% of the maximum fuel input rate (based on manufacturer product literature and
GAMA'’s March 2005 directory)
AFUE AFUE at both the maximum and reduced operating mode is the same for each test
procedure (DOE 2004; Habart 2005)
Heating Requirements Heating Requirements are set constant regardless of AFUE level. (This is equivalent

to assuming that furnaces having the same input capacities, but different efficiencies,
serve a house with a constant design heating requirement.)

Electrical Components Blower electricity and ignitor power are used to calculate the heat generated by the
furnace electrical components, while the furnace blower, draft inducer, and the
ignition device are used to calculate the electricity consumption for both test
procedures.

PSC Motor Electricity 500 watts at the maximum operating mode (Jakob et al. 1994).

BPM Motor Electricity 398 watts at the maximum operating mode (DOE 2004).

Draft Inducer Electricity 76 watts at all operating modes (DOE 2004).

Ignition Device Electricity | 400 watts at all operating modes (DOE 2004).

As shown in Table 2, we assume that a PSC motor would operate at 500 watts at the
maximum operating mode (Jakob et al. 1994) and 80% of this at the reduced operating mode.
We assume BPM motors to be 20.4% more efficient than PSC motors (DOE 2004) and therefore
operate at 398 watts at the maximum operating mode and 50% of this at the reduced operating
mode.

Note that the static pressure used in the test procedures to calculate the electricity
consumption of furnace blowers is not consistent with field data, where the furnaces tend to
operate at a higher static pressure (Chitwood 2005; Phillips 1998; Pigg 2003). Using a higher
static pressure will in general increase electricity consumption by BPM motors, while
maintaining air moving performance, and decrease the electricity consumption by PSC motors,
while decreasing air moving performance (Walker et al. 2003).



Test Procedure Comparison

Table 3 summarizes the main differences between the DOE test procedure and the 2006

ASHRAE test procedures when calculating two-stage

consumption.

residential gas furnace energy

Table 3: Summary of Differences between Two Test Procedures for Calculating Energy
Consumption by Two-stage Natural Gas Furnaces

Parameter

2006 DOE Test Procedure

2006 ASHRAE Test Procedure

Fuel Consumption

Calculated at the maximum operating
mode only.

Calculated at both the maximum and
reduced operating mode.

Electricity Consumption

Calculated at the maximum and reduced
operating mode.

Accounts for on-time ratios at the reduced
operating mode.

Burner Operating Hours
(BOH)

BOH at the reduced operating mode is a
function of BOH at the maximum
operating mode adjusted by a ratio of the
reduced and maximum fuel input rates.

Maximum and reduced operating modes
calculated separately.

Household Heating
Requirements

Uses Design Heating Requirement
(DHR), which is a step function of
output capacity.

Replaces DHR with a linear function
dependent on output capacity and fixed
oversize factor.

Operating Mode Factor

Factor from reference table. A step
function, since the oversize factor
depends on DHR.

Factor calculated directly using a linear
function of output capacity and fixed
oversize factor.

Heat from Fuel

Only uses the fuel input rate and furnace
AFUE at the maximum operating mode

Uses the fuel input rate and furnace
AFUE at both the maximum and reduced
operating mode

Heat from Electricity

Calculated at the maximum operating
mode only.

Determined at the maximum and reduced
operating mode.

On-time ratios

Uses fixed on-time ratios at the
maximum operating mode. A correction
factor is used in calculating BOH to
compensate for longer use of electrical
components.

Variable on-time ratios that are
determined at the maximum and reduced
operating mode. No additional correction
factor is used.

Electrical Components
Contribution

Blower electricity and ignitor power are
used to calculate the heat generated by
the furnace electrical components, while
the furnace blower, draft inducer, and
the ignition device are used to calculate
the electricity consumption for both test
procedures.

Ignition device heat and electricity
contribution not calculated.

Since the 2006 ASHRAE test procedure takes into account burner operating hours and

input capacities at both maximum and reduced operating modes, it better matches the field data
that show that two-stage furnaces operate predominately at the reduced operating mode (DOE
2004; Habart 2005; Pigg 2003). The electricity consumption calculations in the 2006 ASHRAE
test procedure provides a more accurate determination of the on-time ratios at the maximum and
reduced operating mode than in the DOE test procedure. Therefore, the 2006 ASHRAE test
procedure provides a more accurate basis for estimating both fuel and electricity consumption.
The calculation of the burner operating hours for two-stage furnaces differs between the
test procedures. In the DOE test procedure, the burner operating hours at the reduced operating
mode are a function of the burner operating hours at the maximum operating mode and a ratio of



the maximum to reduced input fuel rate. In the 2006 ASHRAE test procedure, the burner
operating hours are calculated independently for the maximum and reduced operating mode.

In the DOE test procedure, the heating requirements of the house used to calculate the
burner operating hours are determined using the Design Heating Requirement (DHR) parameter.
DHR is also used to apportion the annual heating load between the reduced and maximum
operating mode for two-stage furnaces. DHR is a step function of furnace heating capacity and a
small rise in the heating capacity impacts DHR value in a way that results in higher energy
consumption for more efficient furnaces. This causes the DOE test procedure methodology to not
always be suitable for comparing furnace energy use. The 2006 ASHRAE test procedure
replaces DHR with a linear function that includes the heating capacity at the maximum and
reduced operating mode and a constant oversize factor.

Burner Operating Hours are corrected both by the heat provided by the fuel and by the
heat from electrical components. In the DOE test procedure, the heat from the electrical
components and the cycling rates are calculated at the maximum operating mode only. In
practice, two-stage furnaces operate most of the time in the reduced mode, which lengthens the
furnace operation. To compensate for this, the DOE test procedure applies a factor that reflects
the ratio of on-time for the two-stage furnace versus the single-stage furnace. This factor is not
included in the 2006 ASHRAE test procedure, since electricity consumption and the on-time
ratios are calculated separately for the maximum and reduced modes. This approach reduces the
fraction of heat from the electricity components.

Energy Consumption Results

We report the results from a study that analysis the fuel and electricity consumption of
different AFUE levels, controls, and motor types. This paper separately looks at the impact of the
fuel and electricity consumption for a sample of furnace design configurations. It also looks at
the total energy consumption for several efficiency levels.

As a sample, Figure 2 shows the fuel energy consumption results at 80% AFUE for the
following configurations: single stage with PSC, two-stage with BPM, and two-stage with BPM.
For single-stage controls both test procedures show the same fuel consumption. The DOE test
procedure shows fuel savings of 3.4% for two-stage furnaces with PSC motors compared to
single stage furnaces, while the 2006 ASHRAE test procedure shows only a 0.4% decrease in
fuel consumption. The DOE test procedure shows fuel savings of 2.1% for two-stage furnaces
with BPM motors compared to single stage furnaces, while the 2006 ASHRAE test procedure
shows a 1.4% increase in fuel consumption. The 2006 ASHRAE test procedure shows a 3%
higher fuel consumption for a two-stage furnace with a BMP motor as compared to the DOE test
procedure due to a more accurate calculation approach, which decreases the heat contribution
from the electrical components. Furthermore, both test procedures show a 1-2% higher fuel
consumption for two-stage furnaces with BPM motors than for those with PSC motors, since
BPM motors are more efficient than PSC motors and therefore generate less heat, which would
otherwise contribute to satisfying the heating requirements.



Figure 2: Fuel Consumption Comparison
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A field study in Canada showed an increase in fuel consumption for furnaces with BPM
motors (Gusdorf 2002), which is in line with the increased fuel consumption calculated based on
the 2006 ASHRAE test procedure.

Figure 3 shows the electricity consumption results. For single-stage controls the two test
procedures show no differences in the electricity consumption. The DOE test procedure shows
an electricity consumption increase of 2.0% for two-stage furnaces with PSC motors compared
to single stage furnaces, while the 2006 ASHRAE test procedure shows a 11.4% increase in
electricity consumption. The DOE test procedure shows electricity savings of 39.8% for two-
stage furnaces with BPM motor compared to single stage furnaces, while the 2006 ASHRAE test
procedure shows only a 33.5% decrease in electricity consumption. The 9-10% increase in the
2006 ASHRAE test procedure electricity consumption for two-stage furnaces with the same
motor as compared to the DOE test procedure is mainly due to an increase in the period of
blower operation compared to the burner operation at the reduced operating mode. Furthermore,
both test procedures show a 40-41% electricity consumption decrease for two-stage furnaces
with BPM motors compared to those with PSC motors. Even though two-stage furnaces with
BPM motors have more operating hours than two-stage furnaces with PSC motors, BPM motors
are much more efficient than PSC motors at the reduced operating mode.



Figure 3: Electricity Consumption Comparison
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A field study in Wisconsin showed a 40% decrease in electricity consumption for
furnaces with BPM motors (Pigg 2003) compared to furnaces using PSC motors. This is in line
with the results based on the DOE and 2006 ASHRAE test procedures.

Figure 4 shows the combined fuel and electricity consumption using the calculation
methods described in the DOE test procedure and the 2006 ASHRAE test procedure for several
furnace efficiency levels (80%, 81%, 90%, and 95% AFUE), that represent non-condensing and
condensing furnaces. For two-stage designs, the DOE test procedure consistently shows a
reduction in energy consumption by about 3% compared to single-stage furnaces at the same
AFUE level. In contrast, the 2006 AHRAE test procedure shows almost no difference in the total
energy consumption at the same efficiency level. The reason is that although two-stage furnaces
operate longer at the reduced mode, this is offset by lower fuel input rate at this mode.

In the 2006 ASHRAE test procedure the results for single-stage as well as for two-stage
furnaces show that a one percent change in AFUE results in about the same percent reduction in
the total energy consumption. In contrast, the DOE test procedure for two-stage furnaces shows
about a 4% decrease in total energy consumption for a 1% percent AFUE change. The 2006
ASHRAE test procedure offers a more accurate method for calculating the energy consumption
of two-stage furnaces.



Figure 4: Total Energy Consumption at VVarious AFUE levels

90

ODOE Test Procedure
[ 2006 ASHRAE Test Procedure ||

®
=]
Il
|

Total Energy Consumption (MMBtuly)
[} ~
o o
| L
I

al
=}
Il
|

~ ~ = ~ ~ = ~ ~ P ~ ~ —
@) () S @) @) S @) () S @) @) s
7 B o a0 a 7 B o o 0 a
wa Lo %m wa Yo w m wa Lo gm wa Yo %m
S¢ Ld o 4 LY Do O Ld e D6 LI o
Lo 99 <o Lo 9 go Lo 9 <o Lo <2 <o
<< © ] © << © [ I << © o] © << © [ ©
= S +2 o 8 += o + o + += e + ] = o + oS
£ 3% 57 £ 2% 57 g0 3% 5% 8 3% 37
Qb ®S RO Hod ®Q HO b 5L SO bbb e HFO
® 5 E 2 o5 2 2 o5 2 2 o5 2 2
£ e e £ c e £ e =3 £ c e
[ 0 ) )
(2 (2 (2 Q

AFUE and Control/Motor Type

Note that although the energy consumption of two-stage furnaces is about the same as
that of single-stage furnaces, the consumer using a two-stage design with a BPM motors will still
benefit financially, because they would reduce use of the more expensive electricity (Sachs and
Smith 2004).

Conclusions

This paper presents furnace energy consumption calculations based on the current DOE
test procedure and the 2006 ASHRAE test procedure. It also includes a summary of the
methodology used in both test procedures to determine the energy consumption of two-stage
furnaces. A detailed comparison of the differences between the two procedures is also presented.

The DOE test procedure shows fuel savings of 3.4% for two-stage furnaces relative to
single-stage furnaces at the same AFUE, while the 2006 ASHRAE test procedure shows only a
0.4% decrease in fuel consumption. The electricity consumption of two-stage furnaces as
opposed to single-stage furnaces increases by 11% in the 2006 ASHRAE test procedure as
opposed to a 2% increase in the DOE test procedure. Overall, the DOE test procedure shows a
reduction in the total energy consumption of about 3% for two-stage furnaces at the same
efficiency level. In contrast, the 2006 ASHRAE test procedure shows almost no difference in the
total energy consumption. The 2006 ASHRAE test procedure results seem to be confirmed by
field studies. This study also provides a comparison of the energy consumption among different
efficiency levels. The results show that a change of AFUE produces an equivalent reduction in
the total energy consumption in the 2006 ASHRAE test procedure calculations.

This paper shows that the main improvements in the 2006 ASHRAE test procedure are:
(a) the approach used to calculate the heat generated by the furnace’s electrical components (b)
the approach for calculating on-time ratios for the furnace’s electrical components, (c) properly



accounting for maximum and reduced operating modes, and (d) the approach used to determine
the design heating requirement.

Based on the 2006 ASHRAE test procedure, which appears to provide a more accurate
method for calculating the energy consumption of two-stage furnaces, the results indicate that
two-stage technology by itself does not save energy. However, the combination of two-stage
furnaces with BPM motors provides electricity savings and overall financial benefits to the
consumers.
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